Silicon ͑100͒ surfaces were converted to a hydrophilic state with a water contact angle of Ͻ5°by treatment with a radio frequency, atmospheric pressure helium, and oxygen plasma. A 2 in. wide plasma beam, operating at 250 W, 1.0 l/min O 2 , 30 l/min He, and a source-to-sample distance of 3 Ϯ 0.1 mm, was scanned over the sample at 100Ϯ 2 mm/ s. Plasma oxidation of HF-etched silicon caused the dispersive component of the surface energy to decrease from 55.1 to 25.8 dyn/cm, whereas the polar component of the surface energy increased from 0.3 to 42.1 dyn/cm. X-ray photoelectron spectroscopy revealed that the treatment generated a monolayer of covalently bonded oxygen on the Si͑100͒ surface 0.15Ϯ 0.10 nm thick. The surface oxidation kinetics have been measured by monitoring the change in water contact angle with treatment time, and are consistent with a process that is limited by the mass transfer of ground-state oxygen atoms to the silicon surface.
I. INTRODUCTION
Silicon is the material of choice for fabricating a wide variety of products, including integrated circuits, solar cells, and microelectromechanical systems. The silicon surface plays a crucial role in the many process steps used to make these devices. For example, solar cells are produced from single crystal, polycrystalline, and amorphous silicon.
1-4 The surface must be carefully cleaned prior to growing an oxide mask layer, or depositing an antireflection coating. [4] [5] [6] [7] [8] [9] In the case of microelectromechanical systems, one may treat the interior surfaces to make them hydrophilic for wetting in microfluidic devices, or hydrophobic for nonsticking in micromechanical devices. The use of an atmospheric pressure oxygen plasma could provide a convenient, in-line treatment process for cleaning and activating the silicon surface. 10, 11 In this study, we have examined the treatment of clean and HF-etched silicon ͑100͒ with an atmospheric pressure helium and oxygen plasma. The water contact angle has been measured as a function of exposure time to the plasma beam as well as aging in ambient conditions afterwards. Contact angle measurements have been made with diiodomethane and glycerol to determine the surface free energy. X-ray photoelectron spectroscopy has been used to measure the thickness of the oxide layer before and after treatment. It has been found that atmospheric plasma oxidation is an extremely fast process, and that on HF-etched silicon it generates approximately 1 ML ͑monolayer͒ of bound oxygen 0.15Ϯ 0.10 nm thick.
The way that the atmospheric pressure plasma treats the surface is unique, in that a beam of reactive species is produced that scans across the wafer. The surface oxidation rate depends on the density of oxidizing species in the plasma beam, the beam size, and the scan rate. 11 In this study, we have also investigated the kinetics of the atmospheric plasma oxidation of silicon ͑100͒. A numerical model of the plasma chemistry has been developed in order to correlate the concentrations of reactive species in the plasma beam with the surface oxidation rate. Fig. 1 is a schematic of the experimental apparatus. A 2 in. wide, atmospheric pressure plasma source ͑Atomflo 500 L, Surfx Technologies͒ was mounted on a robot ͑I&J Fisnar model 2300 N͒ that scanned over the silicon samples at varying speeds. The plasma was generated inside the source, and activated neutral species exited out of the device as the afterglow and impinged on the wafer surface. The plasma gas beam had a length of 50.8 mm and a width of 0.8 mm at the exit of the plasma source. The gas flow was laminar with a velocity of 12 m/s ͑at 25°C and 1 atm͒. Unless otherwise noted, the operating parameters were a feed rate of 1.0 l/min of oxygen, 30 l/min of ultrahigh purity helium ͑99.9999%͒, 250 W of radio frequency power at 27.12 MHz, a source-to-sample distance of 3.0 mm, and a scan speed of 100 mm/s. According to the robot specifications, the accuracy of the source-to-sample distance and the scan speed were Ϯ0.1 mm and Ϯ2 mm/s, respectively. A detailed description of the apparatus is presented elsewhere. 11 Boron-doped silicon ͑100͒ wafers, 4 in. diam., with a resistivity of 1 -5 ⍀ were obtained from TechGophers Co. The native oxide present on these wafers was 1.0Ϯ 0.5 nm in thickness. 12 An "isopropyl alcohol ͑IPA͒ control" sample was prepared by rinsing the wafer with isopropyl alcohol followed by drying in hot air. A "HF control" sample was prepared by etching the silicon surface with an aqueous solution of hydrofluoric acid ͑1% in water͒ for 30 s. The same cleaning procedures were used for the plasma treated samples, and these samples are designated as "IPA+ plasma" and "HF+ plasma." a͒ Author to whom correspondence should be addressed; electronic mail: rhicks@ucla.edu Contact angle measurements were performed with a Krüss EasyDrop goniometer, using distilled water, diiodomethane, and glycerol. Measurements were taken at regular intervals between 0.1 and 100 h following HF etching of the native oxide and plasma treatment. The average contact angle was determined from 10 to 15 droplets per sample, and 50-100 automated measurements per droplet. The error in each average value was estimated by calculating the standard deviation of the data.
II. EXPERIMENT
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The plasma exposure time was determined using experiments following the procedure of Gonzalez et al. 11 With the xyz robot, the plasma source was dropped down toward the substrate at 250 mm/s until a source-to-substrate separation of 8.0Ϯ 0.1 mm was obtained. A source-to-substrate distance of 8.0Ϯ 0.1 mm was used in order to slow down the surface activation rate. The substrate was treated for 2 s, and then the plasma source was moved away at 250 mm/s. Water contact angle measurements were taken perpendicular to the 2 in. wide strips treated by the plasma beam. The change in the water contact angle was plotted versus the position, and a Lorentzian curve was determined as shown in Fig. 2 . The effective plasma beam width, L, was determined by integrating the area under the Lorentzian curve and diving by half of the maximum peak height ͑12.6°͒. The value for L was calculated to be 3.3Ϯ 0.05 cm. The exposure time was calculated by dividing L by the scan speed. The exposure time data were collected at varying input power and oxygen flow rates on HF-etched silicon samples.
The composition of the Si ͑100͒ surfaces was analyzed by x-ray photoelectron spectroscopy ͑XPS͒. Core level photoemission spectra were collected with a Physical Electronics 3057 spectrometer using Al K␣ x rays at 1486.6 eV. All measurements were taken in small area mode with a 7°accep-tance angle and 23.5 eV pass energy. The detection angle with respect to the surface was 47°. All peak positions were referenced to the Si 2p binding energy for zero-valent silicon at 99.2 eV. The surface atomic percentages were determined from the integrated intensity of the Si 2p, O 1s, C 1s, and F 1s photoemission peaks, divided by their sensitivity factors of 0.34, 0.71, 0.30, and 1.0, respectively.
III. NUMERICAL MODEL OF THE PLASMA
The plasma used to treat the silicon wafers was modeled numerically following the method outlined by Moravej et al. 13 The plasma region consisted of the gas volume between the powered and grounded electrodes inside the source. Helium and oxygen flowed through this region and became weakly ionized by the application of rf power to the cathode. In the model of the plasma, the following chemical species were included: O atoms, ozone, metastable molecules, and atoms A plugflow model was used in which the change in concentration of a species as it passed through the zone of ionization was equal to its net rate of consumption, or production, by each of the elementary reactions in the mechanism. The material balance used for each species in the model was
where C i is the concentration of species i, z is distance ͑cen-timeter͒, v 0 is the gas velocity ͑cm/s͒, and R j is the rate of reaction j that either produces or consumes species i ͑moles/ cm 3 s͒. The set of coupled-first order differential equations was solved using POLYMATH software.
The reaction mechanism is presented in Table I . The rate expressions were obtained from literature as shown. For reactions involving free electrons, the plasma density ͑n e ͒ and the electron temperature ͑T e ͒ are assumed to be average values taken for the plasma as a whole, and are inputs into the model. The input parameters to the numerical model are listed in Table II . The neutral gas temperature at the plasma exit was measured experimentally to be 350Ϯ 15 K at 100 W and 385Ϯ 15 K at 150 W. The electron temperature was assumed to be 1.5 eV, which is the average of the values reported in literature for atmospheric pressure, radio frequency, and capacitive discharges ͑ranging from 1.2 to 1.8 eV͒. 13, 15, 17 The electron concentration used in the model was varied between 1 ϫ 10 10 and 1 ϫ 10 12 cm −3 . 13 For calculations with a specific electron concentration, an n e value of 
͑T / 300͒ 
͑T / 300͒ 1 ϫ 10 11 cm −3 was used. The plasma gas velocity was calculated to be 1220 cm/s at 25°C and 1 atm. The gas velocity in the model was corrected for varying gas temperatures.
The afterglow, which is the reacting gas beam that flows out of the exit of the plasma source, was also modeled using Eq. ͑1͒ above and the reaction mechanism presented in Table  I . Except in this case, the concentrations of free electrons and ions ͑O 2 + , O 2 − , O − , O + , He 2 + , and He + ͒ were assumed to be negligible. This is a reasonable assumption given that these species decay extremely rapidly upon exiting the gas space between the electrodes. 10, 13 The gas temperature was measured experimentally as a function of distance from the plasma exit, and this profile was incorporated into the model. The concentrations of the reactive species exiting the plasma source were used as the initial concentrations in the afterglow. The above method of modeling the plasma and the afterglow has been found to yield concentrations of reactive species in the afterglow, e.g., O atoms, metastable O 2 ͑ 1 ⌬ g and 1 ⌺ g + ͒, and ozone, that are in good agreement with experimental measurements.
10,13
IV. RESULTS
The effect of the plasma exposure time on the water contact angles for HF-etched silicon ͑100͒ is shown in Fig. 3 . The samples were treated at different plasma source powers and oxygen flow rates ranging from 80 to 150 W and 0.1-0.5 l/min and at a source-to-sample distance of 8.0Ϯ 0.1 mm and varying scan speeds. The initial contact angle of the etched silicon surface is 96.1Ϯ 6.7°. After a plasma exposure time of less than 2 s, the surface is completely hydrophilic for all conditions examined. The solid lines shown in Fig. 3 are the best fit of the water contact angle data to the following function:
͑2͒
where WCA͑ϱ͒ is the final water contact angle, WCA͑0͒ is the initial water contact angle, and k expt is the experimental reaction rate constant. The rate constants are 2. for 150 W and 0.4 l/min, and 22.7 s −1 for 150 W and 0.5 l/min. The uncertainty in the rate constants is estimated to be Ϯ0.5 s −1 . These data show that the rate of surface activation is more strongly dependent on the oxygen flow rate than on the plasma power. Figure 4 shows the change in water contact angles for the four samples during exposure to ambient conditions. For the HF-etched silicon, the water contact angle follows an exponential decay curve decreasing from 100°to 45°over a period of about 40 h. The reverse trend is seen for the plasma treated samples. The wafer contact angle rises rapidly from 0°to about 30°in 12 h, and then gradually levels off to 42°o ver an additional 40 h. These data show that the hydrophilic silicon surface gradually reverts back to its untreated state with exposure to moisture and other contaminants present in ambient air. If these samples were treated again with the atmospheric pressure plasma, they quickly reverted back to the hydrophilic state with a water contact angle below 5°.
In Table III , the water contact angles, surface energies, and surface polarities of the four samples are presented. Surface energy calculations were made using the data from three fluids, de-ionized water, diiodomethane, and glycerol, and performing linear regression in accordance with the OwenWendt-Rabel-Kaelble method, 18, 19 
where l and s are the liquid and solid surface energies, respectively. The superscripts P and D denote the polar and dispersive components of the surface energies, respectively, and is the contact angle of the liquid with the silicon surface. It should be noted that the total surface energy of a liquid or solid is equal to the sum of the dispersive and polar components. For the IPA control sample the water contact angle was 42°. Removing the oxide layer by HF treatment increased the contact angle to 100°. By contrast the plasma treated samples showed average angles of less than 5°, indicating a hydrophilic surface. The surface energy of the control wafer has a dispersive fraction of 24.1 and a polar fraction of 21.4 dyn/cm. After plasma treatment the dispersive fraction remains relatively unchanged, whereas the polar fraction increases to 34.6 dyn/cm. The HF-etched surface has a dispersive fraction of 55.1 and a polar fraction of 0.31 dyn/cm. After plasma treatment of this surface, the dispersive fraction decreases to 25.8 and the polar fraction increases to 42.1 dyn/cm. The aged plasma treated sample had the same dispersive and polar fractions as well as the same water contact angle as the original control sample. Shown in Fig. 5 are the silicon 2p x-ray photoemission spectra of the samples. The control sample has two distinct peaks at 103.4 and 99.2 eV indicating presence of silicon dioxide ͑Si +4 ͒, and elemental bulk silicon ͑Si 0 ͒, respectively.
The control shows a significant amount of silicon dioxide on the surface, whereas the HF-etched silicon does not have any discernable silicon dioxide. Plasma treatment after HF etching increases the Si +4 peak by a small amount, suggesting that a thin layer of SiO 2 is generated on the surface. Plasma treatment of the control surface does not change the thickness of the silicon dioxide film significantly as judging by the relative heights of the Si +4 and Si 0 peaks. Two different methods were used to calculate the thickness of the oxide layer formed after plasma treatment, the Finster-Schulze and Gusev methods. 20, 21 The oxide thickness calculation using the Finster-Schulze method is
where B = I SiO 2 / I Si . The escape depth, SiO 2 , and escape angle, ␣, are taken to be 2.7 nm and 47°, respectively. 22 Note that in this equation, it is assumed that there is no suboxide at the Si/ SiO 2 interface. The suboxide would have XPS 2p peaks with binding energies between 99.2 and 103.4 eV. 21 These peaks are not evident in Fig. 5 .
The second method used to calculate oxide thickness is the Gusev method,
Here SiO 2 is assumed to be 3 nm. The intensities, I o and I ϱ , are the Si 2p intensities for bulk silicon dioxide and silicon, respectively. The ratio of I o / I ϱ is assumed to be 1.22 for the Al K␣ source.
23 Table IV shows the silicon 2p area ratios and the silicon dioxide layer thickness calculated from Eqs. ͑4͒ and ͑5͒. The silicon dioxide layer calculated from the Finster-Schulze and Gusez methods shows that the native oxide is 1.1Ϯ 0.1 nm thick. There is no oxide layer present on the HF-etched silicon surface. Plasma treatment adds a thin oxide layer of 0.15Ϯ 0.1 nm to the silicon surface. Native oxide values reported in literature range from 1.0 to 2.5 nm. [20] [21] [22] [23] [24] [25] [26] Differences in humidity during storage and wafer manufacturing procedures are responsible for the variables observed. The important point is to compare the thickness of the native oxide to that produced by atmospheric plasma oxidation of the HF treated silicon. The oxygen plasma generates a significantly thinner hydrophilic oxide layer, between 0.1 and 0.2 nm thick, which is essentially a monolayer of covalently bound oxygen atoms. The XPS spectra for oxygen 1s core level are presented in Fig. 6 . The oxygen spectrum shows a broad peak at 531.6 eV. The HF-etched sample contains a small amount of absorbed oxygen on the surface, Ͻ5%. With plasma treatment of the HF-etched Si ͑100͒, the amount of oxygen on the surface increases to 27%. The HF-etched and plasma treated peak is not symmetrical, suggesting the presence of different types of oxygen bonds to the silicon atoms. Figure 7 shows the carbon 1s XPS spectra. Plasma treatment of the control sample removes most of the carbon from the Si ͑100͒ surface. Following HF etching of the native oxide, a significant amount of carbon remains on the surface. Plasma treatment of the HF-etched sample removes nearly all of this carbon. There is no evidence of carbonyl groups on the Si ͑100͒ surfaces since these species would produce peaks at 286-288 eV. 25, 26 The atomic percentages of oxygen, carbon, silicon, and fluorine calculated from the XPS data are presented in Table  V . Fluorine is detected on the HF-etched sample before and after atmospheric plasma treatment. As expected the amount of carbon on the Si ͑100͒ surface decreases following plasma oxidation. The HF+ plasma treated sample has a carbon percentage of 11% and IPA+ plasma has a carbon percentage of 16%. Both of these samples have a higher percentage of oxygen, 45% and 27%, respectively. Fig. 8 is the dependence of the reactive oxygen species in the afterglow upon the plasma density, n e , as predicted by the numerical model. The operating conditions used in this simulation are a distance of 3 mm into the afterglow, a plasma input power of 250 W, an oxygen flow rate of 1.0 l/min, and a helium flow rate of 30.0 l/min. Note that the concentrations of O atoms, metastable O 2 molecules and O 3 stay relatively constant over the first 1.5 cm of the afterglow, and thereafter are converted into O 3 and ground-state O 2 .
V. NUMERICAL MODEL RESULTS
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The most abundant species are the ground-state oxygen atoms and the singlet delta metastable oxygen molecules. Their concentrations increase from 1 ϫ 10 16 to 1 ϫ 10 17 cm −3 as the electron density increases from 10 10 to 10 12 cm −3 . Ozone is one to two orders of magnitude less than the oxygen atoms and metastable oxygen molecules. Ozone remains constant at 2 ϫ 10 15 cm −3 then drops quickly when the plasma density exceeds 7 ϫ 10 11 cm −3 . The other metastable oxygen molecule, O 2 ͑ 1 ⌺ g + ͒, increases from 1 ϫ 10 12 to 8 ϫ 10 15 cm −3 with the increase in n e from 10 10 to 10 12 cm −3 . Figure 9 shows the predicted concentrations of O atoms, O 2 ͑ 1 ⌬ g ͒ and O 3 in the afterglow as a function of the oxygen feed concentration. The plasma density used in these simulations was 1 ϫ 10 11 cm −3 . The figure shows that all three reactive species increase in concentration as more O 2 is fed to the plasma. The concentration of ground-state oxygen atoms varies from 1 ϫ 10 17 to 3 ϫ 10 17 cm −3 . Whereas the amount of singlet delta O 2 increases from 2 ϫ 10 16 to 3 ϫ 10 17 cm −3 , and the amount of ozone increases from 1 ϫ 10 13 to 2 ϫ 10 15 cm −3 over the same range. For operating conditions of 1.0 l/min O 2 , 30 l/min He, and 385 K, the oxygen feed concentration is 6.2ϫ 10 17 cm −3 . The numerical model predicts that at these conditions the amount of O atoms in the afterglow is 1.0ϫ 10 17 cm −3 , corresponding to a conversion of 8.0%. Figure 10 relates the experimental rate constant, obtained from the water contact angle measurements ͑Fig. 3͒, to the amount of O atoms in the afterglow at 3 mm downstream of the plasma source exit. The results are shown for two different plasma power levels. The best fit lines to these data yield slopes of 0.9 at 100 W and 1.0 at 150 W, suggesting that the reaction is first order in oxygen atoms.
VI. DISCUSSION
Atmospheric pressure oxygen plasma treatment of silicon ͑100͒ rapidly converts the surface into a hydrophilic state. [27] [28] [29] Silicon surfaces that contain a native oxide film after storage at ambient conditions, or have been etched with HF, can be plasma treated to create a hydrophilic surface with a water contact angle less than 5°. As seen in Fig. 4 , the surface remains hydrophilic for up to 6 h after plasma treatment. The surface free energies listed in Table III document the changes in the silicon surface. The HF-etched sample exhibits a small polar component of the surface energy, 0.3 dyn/cm, as compared to the control, which is 21.4 dyn/cm. After plasma treatment of the HF-etched sample, the polar component of the surface energy has increased to 42.1 dyn/ cm. The hydrophilic nature of the surface is derived primarily from the polar fraction. Over prolonged exposure to ambient conditions, the surface polarity decreases back to the original value, while the dispersive fraction of the surface energy remains unchanged. Treating the silicon again with the atmospheric pressure plasma converts the surface back to the hydrophilic state. The total surface energy of the plasma treated sample is ϳ70 dyn/ cm, with a polarity of 60%. The conversion to the hydrophilic state occurs in less than 1.0 s at a plasma power of 150 W.
Vacuum plasma oxidation of silicon was studied by several researchers. [30] [31] [32] [33] [34] [35] Kim et al. 33 employed an electron cyclotron resonance plasma to generate an oxide layer on silicon. They observed an oxide layer of 4-10 nm thick on the surface after a 30 min treatment. Farrens et al. 34 used a reactive ion etcher to produce a hydrophilic oxide film on silicon. The treatment time to produce the hydrophilic surface was 1 h and the surface thickness, measured by XPS, was 1.0-1.5 nm. Madani and Ajmera 31 used plasma corona discharge to produce an oxide layer on silicon 6-22 nm thick. The treatment time for the corona discharge process was 1 h, with temperatures ranging from 25 to 500°C.
The atmospheric pressure oxygen plasma used in this study forms a single monolayer of bound oxygen 0.1-0.2 nm thick on the HF-etched silicon. Additional oxide slowly grows on this surface during subsequent exposure to ambient air. In comparison to previous work, using vacuum plasmas, the oxide made by the present methods is thinner and achieves a self-limiting value in less than 1.0 s. This may be compared to vacuum plasma oxidation in, for example, an Applied Materials DPS-II plasma etcher, where the oxide grows to a self-limiting thickness of 4.0-6.0 nm in 100-600 s. 35 As can be seen in Fig. 3 , the water contact angles follow an exponential decay behavior that is indicative of the Langmuir adsorption kinetics. 11, 36 It may be assumed that oxygen atoms produced by the plasma diffuse to the surface of the silicon and react with the available sites. A mass balance on the vacant surface sites is
where k ads is the adsorption rate constant ͑cm/s͒, ͓O͔ is the concentration of oxygen atoms above the surface ͑cm −3 ͒, ͓L s ͔ is the surface site density ͑cm −2 ͒, and v is the fraction The fraction of unreacted sites is related to the water contact angle by
The experimental rate constant, k expt , in Eq. ͑2͒ is related to the adsorption rate constant, k ads , in Eq. ͑7͒ by the following:
The density of sites for Si ͑100͒ assuming a flat, singlecrystal surface is 6.8ϫ 10 14 sites/ cm 2 . 37 The experimental rate constant is plotted against the predicted O atom concentration in Fig. 10 . A first order dependence on the oxygen atom concentration is observed in agreement with Eq. ͑9͒.
Table VI presents a summary of the surface reaction kinetics, showing the values of the adsorption rate constant obtained from Eq. ͑9͒. The rate constant increases from 0.26 to 0.77 cm/s as the plasma power and oxygen flow rate increase from 80 W and 0.3 l/min to 150 W and 0.5 l/min, respectively. From collision theory, the adsorption rate constant equals
where S is the sticking coefficient and v o is the mean molecular speed, equal to v o = ͱ 8kT / m. Here, k is the Boltzmann constant and m equals the mass of the O atom. The mean molecular speed is 70 000 cm/s at 385 K. The adsorption rate constant predicted from collision theory is 17 500 cm/s assuming that the sticking probability of the O atoms is 1.0. This number is about five orders of magnitude higher than the adsorption rate constant given in Table VI . At atmospheric pressure in laminar gas flow, the O atoms must diffuse to the surface of the silicon through a "stagnant" boundary layer. As they diffuse, the O atoms are consumed by reaction with O 2 molecules in the gas. This greatly reduces their concentration above the surface of the silicon. If the rate of oxidation of the Si surface is limited by mass transfer, then the adsorption rate constant should approximately equal the mass transfer coefficient, k mt . From film theory, k mt can be estimated as the ratio of the diffusivity of O atoms in helium divided by the thickness of the boundary layer. Using the Chapman-Enskog equation, the diffusivity is calculated to be 1.5 cm 2 / s at 385 K. 36 If the boundary layer thickness is approximated as 2.0 mm, then k mt equals 7.5 cm/s. This value is only 10-30 times larger than the adsorption rate constants listed in Table VI . Therefore, it is concluded that couple reaction and diffusion of O atoms to the silicon surface limits the rate of oxidation by the atmospheric pressure plasma. It remains to be considered how the atmospheric pressure oxygen plasma converts the silicon ͑100͒ surface into a hydrophilic state with a water contact angle below 5°. The native oxide surface is initially covered with adsorbed water in the form of hydroxyl groups, and most likely some organic contamination. Assuming O atoms are the primary species responsible for oxidation, then it is proposed that they dehydroxylate the surface by the following reaction: [38] [39] [40] 
͑11͒
In this step, the Si surface becomes covered with a monolayer of bridged bonded oxygen atoms. These siloxane groups are the key to the hydrophilic properties of the surface. 41 Evidently, some fraction of the Si-O-Si bonds are highly strained and hence, are extremely reactive toward water. 39, 40 When a water droplet is placed on the surface, reaction occurs to relieve the strain in the bridge bonds,
͑12͒
For hydrogen-terminated Si ͑100͒, the O atoms react with the silicon hydrides and generate the siloxane-terminated surface and water,
͑13͒
This surface is hydrophilic and reacts with water according to Eq. ͑12͒. Chiang et al. 40 dehydroxylated the surface of a silica ͑SiO 2 ͒ thin film by heating the material in vacuum to Ն1400 K. They reported that this surface was highly reactive toward water. By contrast, the atmospheric plasma process appears to drive this reaction at close to room temperature.
Several interesting questions are raised by this study that merit further research. For example, why is the atmospheric pressure plasma oxidation of hydrogen-terminated silicon self-limiting at a single layer of bound O atoms? How come subsurface oxidation does not occur? Also, why does it take 6 h at ambient conditions to grow back the native oxide film? Evidently, an important step in the growth of the native oxide is the insertion of oxygen atoms into the Si-Si backbonds. 41 According to Chabal et al., 38 this reaction has an activation barrier of ϳ1.0 eV, which might partly explain the relatively slow rate of sub-surface oxidation at room temperature. 
VII. CONCLUSIONS
Treatment of Si ͑100͒ with an atmospheric pressure helium and oxygen plasma rapidly converts the surface into a hydrophilic state with a water contact angle of less than 5°. A rate constant of up to 22.7 s −1 was measured at 150 W, 0.5 l/min O 2 , 30.0 l/min He, a source-to-sample distance of 3.0Ϯ 0.1 mm, and a scan speed of 100Ϯ 2 mm/ s. Plasma treatment of HF-etched Si ͑100͒ yields a single layer of bound oxygen 0.1-0.2 nm thick. Based on numerical modeling of the plasma and an analysis of the reaction kinetics, it is concluded that the rate of surface oxidation is limited by mass transfer of O atoms to the silicon surface.
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